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DYNAMI(: TKSTIN(; AND ClIAltA(iiR17,ATION
01?PKE-FRACTIJRfiD CERAMI(;

Anna K. 7,urek and bcrrnis A. Ilunler

I ms Alarms National LatxmIIory
LAM Alamos. New Mexico 87545

Nearly till of Ihc nwchnnltd Imhavior slrrdics of armor ceramics, to date, hisve involved the characwrizalion and testing of

uristinc ceramic malcriirl. tiowcvcr, hnllislw impact causes a strong shock from 10 pmpa~irtr rapidly [hrnugh the ceramic

rmfnrc much pcnctmtmn cm t~uur. A strong shock wave cu.n rcsuh in h~ali7erf compressive !tiilurc find fragnwnustimr of Ihc
ceramic bcfu - ‘: s umplIIudc is imenuatcd hclow the rxrmprcssIvc streng~! of the ccmmic, “Ilc goals of this effort were m(I)
crcatc shock-h a-mrcd ccrumic using tcsl assemhlics which maintain Ihe intergranular cxmpling and high density of tlic

ceramic, (2) charnclcrir,c [hc extenl and hornogcnei[y of Ihc frrrgmentarion and dilatation of the ceramic, and (3) Icst [hc

cumprrssive dynamic hchavior of the shr_wk-fsac[urwdccmmic under conditions of confining pressure. This effort will provide

dam m Mspporr rrrorkls nf the Pcncua!ion resistance of frmcturcd ceramics including degraded mrrduli, fadnre strength-~wain,

and Postfailure chamclcri7~tiull r;f Ihc erosive propcrrics of commirrmml ceramic and pcncu-umr nmtcrirds.

!NTROI)(J(WI”K)N

Dynamic chnractcri7,~ti{m 01’ ccmmics has hrcn of

interest for Ihc lrssI Icn ycnrs, Signifkxwrl work has ken

done m Ihe Somhwcst Rc.search In.wiu.rtc, Iloncywell Inc.
Defense System I)ivisinn, I.OS Alamos Natirmal

l~hnntrry, and Sandia Nrslitmd I AoraIwy [ 14],
Ballistic impel:! cuuscs n swnng shock fr[ml us

propagnle mpidly Ihrough n ccmmic lwfore much

Pcncwalion can nccur. This shtrck wave cm rcsuh in
lm”nli7mf crrmprcssivc fnilurc [If the crrnmic hcfmc its

amplitude is nttcnnatcd IW1OWItw cnmprrwuvt strrn~th of
the ucrarnic, More impormmiy, since IIIC tensile strcn~ths

nf ceramics nrc very low rclntIvc to Ihcir compressive

smenglhs, radisl waves rclcnscd from the sides of !he
rcramic smVirm nnd mxial Icnsilc waves rcffccmd fnml the
mm Inlmfuccs cnn easily result in exlcrlsive IIuunwnlmhrn

of the ccrrsml,’. In xddition, confincnmnl ran hsvr a ma$w

rffccl nn Ihc wenglh nf a briulr rrswrrid. In particular,
lhc cnmprcssivr failrrrc strrngth gcncrrslly inclcancn

signlfkwntly wl!h c(mllning pmssnrc, mdcpcndcncr Ihal

can IV in fcrpmmd III cstddish rmplricnlly W relevant
fnllurr- crilrri(m fiw n y,ivcn mnmrial, “I”hr confinlrrg
ptcssurc chmrs nxinl micrmvnckm, slowing Ihc crnck

Ixmlcwcnrr pnwcss whirh Idlhnmely rrmscs n slmimrn

1{1 fail. (“ontincnwrt dst} slrcngllmns fnilcd mnlcrhl,
nhhorl Rh ICI n mm+ Imscr rxIrm Ihml sn unfsllrd ccrmnir,

Ilrncr, :rnctnrml huI l’(wfinml tmnmltw which hnvc mti
III*I inlrr~rnnulmr r(nlplinu nrr cunnidmcd It} Iw numr

trlmsenlnllvr Ilmn unln!lrd {wrmllrs III ihr mntminls

which will ultimately in[cmcl wilh a prnc[rator during a

hallislic impact.
I’hc goals nf [his cf((m 10 chorwx?n7,c cnnfincd.

shwk-fractured ccrumics arc ( I ) w identify Ihc cunlining
pressure dcpcndcnt slrcngth, prc-fra~turcd ceramic

slrcnglh, End strain ram cffccls, (2) m dcvclnp a

comprmstinnnl cxmsliltnivc nrodcl which would iswlndc Ihc

effects of these parumctrrs. (:!) 10 inctlrp~ratc IhC
fxmslitr, uivcnmdcl imo the Iil’1(’ UIXIC. md (4) U) PCll(lnn
i:nnputatmns 10 uomparc Ihc IIMXICI with cxpcrimcmal

rtsulls.

TCI achicvc the.sc goals, wr rmrucd sh(wk. fraclurr(l
ceramic while mnhtnhing lhc inlcrgrunular c.wpling arul

high (knsity of the ceramic. Wc chmaclcri7.cd the extent

●nd hrmwgeneity of the frqmcmatirm cnd diln[nlion ●nd

Ie.mcd tfu rmrnprcssivc dynamic behavior nf Ihc shock-

frmmsrwf ccramlc under ctmdhi(ms 0( ronfining pmssurc
which warn1111- hy the mnnttnint of n nrlal cwrmincr.

‘Ilrln rcscmch will pnwidc mitical pIIqICrIy shun and
l)llcnt}llwnt~ltiRical In+ht U) wspporl nmdcls of the
Ilcnetrnii[m rcslslnncr of frncturrti WI nmics int,ludln(~

dcgrmfcd nnnlulim failure slrrnfllh xtrnin, nml p~isi Iailur

uhnrwlcrirmtilm 0[ Ihr cnmvr pntprllws III txmmlinnlrti

cm-andc (m Imrcllmor nsmdals. Afl?r testing Ihr ntunhrr

(If rwmnics. a prqwrly dalnhasc will In- drvch)prd tct nid
opllmlr.nlltlrr III hnlllstlc prrfofmnntr lhf{tu~h
Initmmtl wlnral lnlhn UIR III nmtrrmls.

The inl~lal lr~ull~ {II Ihc pr{)pimrtl I:srnlch mr
plr!unlrd Itrh)w.
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( “rrdmh. l’rf. I:rtumrr in u (A Gun }:qh’rvtwnt

“fllilniUlll dihmidc UiI~2) samples ~~ p~”fr~lur~

irnd Icsmf under dynnmw compression conditions. Iksch

ccrirmi~ sample was contained in wmnlcss SICCI wi[h a

plug m minmli7r ioss in ceramic density. Shack waves

were pr(duccd b ir plmrr irnpnct wilh a thick Ilycr phuc

m mr il[~ mm FM gun. l?Icsr shuck waves simulalcd J

reI wit. ~arget impact mduting ccrumic pulvcrmrlion.
Shock prmsurr and rluris[iti cm he cwstrollcd, and lhc

conhrmrd ceramic samples wcrr shtxk hurled II} 14( ii%.

Smrqrlcs rcwwmcd from [he prr-frwmm CrSpCriIIWIIISwere

~4mrwwn7ml [or densily and crack diwifrulitm
l@Irr I is a schem~lic Or IWO ll~-f~JL’lUm Icsl

w+emhlirs.
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Twtj diffruuhlcs vmrr tmc{mn[cntd using [he hrw

tftwgn. ( hw wirs Ihc in:enrrlion c~l rwfid rrlcwc waves

from Ihr comer of Ihe flyer pl:IIc wilh planar rclcasr
wavrs horn Ihc hack surlucc of drc flyer pkr[e. IIIC nshcr
WIS radial dismrtion of the forward hall of [he mel
crmmirrrr. The release wave inlrmction rausrd a high

tension rrgion which mrvcrsrd a urrnical ,pir[h inm the
wainless SICCI container and ccramit- sptximcn. A

fm-wmf conical spidl riewlqwf m the smirslrss SICCI
c(mhmrw w high impmv vclorilies ( 1200 ntis), twusing

loss rrl’ ceramic cmmrinmcm. The conmlncr did no!

rupture at lower impact vclocilics (MO M/s)mhul ah I:ifwrr
2 shows, a nm uniform ccr.rmic fracture rcsuhs I’rom Ihc

ronical fnmtd span.

Itig, 2 Nommibnn frugmrnsmimr (If Ihr rrrumic rrsuhing

fnrm tlmml fnmlal span.

‘Ilrc crramic malcrial msidc [hc txmiral rcgiou

rrrwhd nearly undisluslml whale Ihr malcri:d omsidr Ihr

twne was pulverized. “IIM unplicaliun of {hi,. is I!mt the

ceramic withsmml the ini[iml comprcwivr wmvr ml

frumuwl m I trruK of tensile wnvm twrurring Iulm in

lime, A coor of material WUI iwduwd fnml thrsr wavm hy
Ihc rclrasc wave inlcrac[imr, In mdrr rtt ohrrrur n
uniformly hwurml malcrid, ii was nrccs.wry m rmlrsl~rl

lhc stmnlrw IIWI twrrairwr sm.h rhw m) piIII III Ihr
(Srrarllit. qrrrimrrl was i.solu[ml in this :mmrrr, As Jlt}wrl
III I:i[;urr 1, rhr dlan!~lrr Irf the srninlrss srrrl rtmtirmrr

was rrdurml nnd Ihc mlnnluulimr 01 n woinlrw $Irrl PIIII:

murraw:l drr dIslmluc Id Ihc mrtirmr slwrimrll Inml Ihr

impm’1 inrm Imrr, “Ilwnr r+mr~rs iu rhr conlainrr ,dirtwl

Ilrr rnmr t’crmni(. flmrinrrll lrytmd Ihr Ilp 14 dir Ixnm”nl
rrgitm hnmrd hv Ihr rrkau wnvc inlrrnrmm ‘Illr mow
drwgrl dsu plarrd rhr (“rrnmw qWI. iIIIr II hrvtmd Ihr



rcgmn nf dras[ic radial distortion in [hc c(mwinm. I:igure
1 ~ht~ws J modeled schemiuic (It (hc tlycr pl~le Nnd IeSI

assembly in which the Iisch of radial distorrim mound the

specimen is apparent. (%ntrol Of [hc rmiiirl disl[minn in
this ICSI is very imporranl tuxausc II intluenc’es IIIC densi[y
of Ihe fracwed ceramic,
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I:ik. 1 A modeled schcma[iu of lhr Ilyrr pl:IIr :Imi IrSI

assembly Showing strains In Ihc ucramw snmplc and

mrinlcss slccl container.

As n rcsull of the dcscril-scd plisnirr imp:lcl, [he

fraclurml ceramic dcnsily was reduced only ulwul 4%.

Due Lrrgcly 10 Ihe very effective n~nnenfum wqping

design of [he frarlure assembly, nearly [hcoreli~’al densi[y
of the wstcd ccrtimic was mainmined. I;igurc 4 shows

polished from c-rnsssection of the ceramic frmmrrcd in Ihc

mmlifird conlisinmenl nmemtrly.

I.ig. 4 A Psdishnl IWISS smtktn (I( Ihc ,“elru’llu flw.lmrd III

n RrI~ Kun rnprlllnnw USIIIRIhr nunlild L(IIII:IIIIIIWIII

a\wlllldy.

We expccI a range in p;IrIIL.lc \Ire [hr[wgh IIIC

sample duc m wave lrnerac!ions okmg [he Icng[!l nf Ihe

sasnplc. I“he sim of Ihc friscurred panicles in the L“crwnw

rwrgcd from 144) ~m aI [he frontof [hc sample 10 100 ~nl

at Ihc hack, as measured hy Ihc line in[crsrclion rmvhcd

“[”ungsIcll plfillcns were used Js Ioisd a[llplifirrs In :1

tlopkinsnn Pressure Rar in Ihc high strain r:i[c
compression Icsl. The pre-(rirmrred sirmplcs (II I’illz were

snf[ recovered from [he gUII les~. tind [he Smlnles$ sterl

Lwr[ainers were muchmcd (I{lwn II) [hc di:lmr!rr {>f !Iw
I[lngslcn pla[tcns. Figure S is ir schcmu[il’ (If u s;lmplc

design Icstcd using }Iqskinson PressIIm Rw
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l~ig 5 A .schrmatw i]f snmplc design f{}r high smnin ralr

rtmlpression ICSISImIcd using lh~pkinsrm l%cssuIr 11:11
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TR[.JD STRA1N

I’Ig. h Iligh-sir:limr; ue Iruc smcss versus lruc swill diIIir

olmkirrcd in a I Iopkilwon I%cssurc bar.

only IIIC solid Til12 cnnfincd in II s(uinlcss steel

cylinder hChiSVCd clasllrillly Up I{) IhC 40(N) Ml);I !IUC
stress, Thr prc shtwkc[i st~inlcss SICCI cylinder nnd [UIW

show Ihe usual CIUSIO plastic Iwhavior, .I”WI) phltS of the
shocked ccmmiu reprrscn[ d~ta Ir{ml the srsmc IesI, l~ot
[he plut Iuhclcd ‘Pw-shocb.cd ‘lil12 wi[h ‘~iI12 dianrctcr’,
ihc cha were rcdut’cd wi[h [he ‘1’iI12 sample dia.rnctcr, Iirr

the plot Ialdcd ‘prrshockcrf “l”il12 wilh SS tuh diunrc[er’,

Ihc data were rcdrrocd wilh Ihc fmtsidc dimmctcr of the

stainless SICCI contirincr confining Ihc prc ~hwked
cmamic. II is appnmrrt from Ihcsc dam [ha[ prc-shucked,

conlincd t.crdmic. dots not carry any hsnd up m 10% strrrin.

It IS also appmrcnt Ihnt the dirsmctcr used mrskm a
significant rxmlritsution u) dam rcdcclimr. I n rmdcr m

fncililnlc reduction of ihc dala ntr[ained from Ihe

Ilopkinxon Ilnr ICSIS, IIIC systcm as shown in l~igurcs 3 is
l~ing rmnl~led using the 111}[{’”.2explicit finite clcmem

txMk. ‘lhiS iS hcing done in ndcr m cxnminc the Nhrlivc
mlrs of the crrnmi~” spccimcn nnd Ihr slailllrss SICCI

confining {-ylimlm itl Ibis Ic\l and 10 Lctcrmlnr au

cff’rcllvc dlnmclcr It) IW wcd ftw d~la Imhlclilrn.

(’ON(I. [I SIONS”

lh-cscnwd rt-subs r.rr prdimlnm y hut mwcl. Wc hnvc

drsigncd a wsI in whwh NW ccramw shtwk frnc~ulc

pnwrrn.xcs nw C!mlndlcd and srpnratcd fl(ml Ihr high
slrnin imr rcnnprcssiori hy sul\jcclinR n I oufmrd crrnmil’

Iirst It) a shwk WISVCin iI gun expcrimcn[ imd then m II

high -ra[c ctmqwessi~m In ;I I h~pkinson Ilnr ICSI. CIlc grm
Icst pr(nlul”cd trilt”[urcd ccr:lmic which h[lvc I1{N I(ISI

inlcrgriinulw Clmpllng und mirintdmd ncurly Ihc(lrclil’itl

dcnsily. ‘1’hc pIc Irriclurcd ccrismic showed no
uoqsrcs!ii(m SIIcn@I in Ihc dynamic ICSI using I [opklmim

prcssrrrr tsar,

Rlil’l\Rl{N(”lX

It. Am~wtMd and J.1.wkford, Jr., !i(nrlhwcsl
Krscurch Inwitme Kqmrr h724.1 W12,

(;, R. Johnson. T. J. 1Iolnsquisl, J. l,nngf’(ml, (“.1{.

Amlcrwm, and J. Walker, } Ioncywcll Inc. I )clcnw

Sys[cm I )ivisiorr and !$outhwesl Itmcarch
Instimlc I;imrl Keprm August 19W).

l). A. .Sch[sckey, A, I [. Mmchand, S.ft,

SkrsHg,(i.11. (’ml. hl. W. i) U1’kCllrmd K.

Parker, Int. J, hrrpucr llrr~ing., 9, pp. 2(I3 ?.7S,

(IWO),

Id] M. Ii. Kipp and R. J. l~~wrcncc, Snntlim

Nrrtionnl 1,.srlnrrrIIIIryRrpsnl SANINl I 09 U), i[)K7
[51 l), l{. (holy nntl M, l). I:llnlish, Smulin

Nnli(mul I JIlnmItory ltcpm SANI)HII

lfv12,1QllM.

If,] ?.1.11 KIpp, J),l{. (imdy, aud J.1.,Wiw,
“J’lrrnal Shock and J%ncwali{m Kcsponw (d

(’rramicx,” in Shwk Wwt md //i#h Sfrwsr N,IIr

I’hnsonrrnn in ~ftmrid.,, WI M A. Mrvrl%, 1., 1:
Mull M}(I K. l’, Slnudlmmnv Ncw YtNh, Nlwvrl

lk, AcI,l W), pp IOH I l(r) I


